A model-based control scheme for robot manipulators employing a variable structure control law has previously been found to perform well parameters are carefully chosen model of this original scheme which the actuator dynamics is taken into consider The practical experiments are carried out on a commerci revolute-joint robot manipulator.
INTRODUCTION
Because of the wide variations of the robot parameters particularly under high-speed operations and with possible payload changes, there has been a great deal of interest in adaptive control to overcome robot tracking problems associated with the coupled, nonlinear and time-varying dynamic system [ 11.
Various models have been used for the adaptive control purpose. One extensively investigated approach [2] adopts the full nonlinear model as used in the computed torque method [3]. The 'uncertain' parameters in the model are continuously adjusted according to a theoretically convergent adaptation process. As a consequence of the comprehensive compensation thus included in the system, independent PD jointcontrol will tend to be more robust and effective with respect to any arbitrary trajectories chosen. Unfortunately the successful application of this model-reference adaptive control method relies on persistent excitation [2,4] and the convergence rate cannot be prescribed by design. By applying a specially developed variable structure control law [5], it is no longer necessary to provide persistent excitation and exponential convergence can be ensured. The formulation of the control law [5,6] assumes the actuator and drive for each joint to be simply described by an amplification gain. It is the purpose of this paper to examine in detail the modification involved in considering the actuator dynamics in the overall system 0-7803-O823-9/93/$3.00 (C) 1993 IEEE 701 model and to present the results of practical implementation using a digital controller based on the refined model.
DEVELOPMENT OF NEW MODEL-BASED

CONTROL
The robot dynamic equation is given by 141 where T is the joint torque, M is the inertia matrix of the manipulator, 0 is the joint variable vector, H 6 is the Coriolis and centrifugal torque, G is the gravitational torque and R is the viscous and Coulomb friction.
We define the relations for the error and filtered error vectors as follows:
0, is the desired joint trajectory and Y is a diagonal matrix.
Rearranging (2) gives Using (9, equation (1) where V, is an n x 1 vector of armature voltages, R, is an n x n diagonal matrix of armature resistances, K l is an n x n diagonal matrix of motor torque constants, K b is an n x n diagonal matrix of backemf constants, r is an n x n diagonal matrix of gearing ratios and ZA is an n x n diagonal matrix of rotor inertia terms.
Using ( 
The back emf tends to add damping to the overall system much as viscous friction.
The refined robot dynamic equation with the inclusion of the joint actuator model in terms of joint variables and armature voltages is
where so that V, is bilinear in two sets of uncertain parameters b-I and F . This is in contrast to the previous controller [SI in which T is linear in F .
The applied control voltage is, by design, chosen to be
R,S will affect the time to reach the sliding mode in the variable structure control.
The equation of the filtered error becomes
To find the parameter switching algorithm, the following Lyapunov function candidate is used:
The derivative of the Lyapunov function is
\ ; ( s ) = + S T ( 5 A -2H)S-STbK,S
It is known that (k, -2 H ) in the above is skew symmetric and ST (5, -2 H ) S is always zero [l].
In order to ensure C(S) c 0, the following parameter switching algorithm is used
In order to reduce chattering [8,9], the control is smoothed by introducing a boundary layer. Whenever I S, [ < E, (for j = 1,2,...,n), we choose
Although the switching involved in (16) or (17) is substantially more complex than that in some previous controllers [2, 5, 6] where the control is about the sliding surface S=O instead of about U'S, fast enough computation of the new control law is still achievable using a microcomputer.
IMPLEMENTATION
The control algorithm is applied to a commercial 6-joint robot (Zebra ZERO) using a 33 MHz 486 microcomputer.
The sampling interval of the digital controller can be adjusted. For the purpose of the present study, only joint 1 and joint 2 are driven, according to the following commands:
The manipulator dynamics is represented by [4, 7] [ In contrast to previous stu ies treated as being unknown in 51 more parameters are the system because the actuators introduce additional uncertainties. The unknown parameters are more complex than in the previous case as they are no longer simple physical parameters. Their upper and lower bounds are taken to be as follows in the present study: Fig. 2 (a) and @) respectively. As a result of digital implementation, chattering is inevitable, which may be reduced by increasing E , but at the expense of increased error. E = 0.1 s-' is clearly a reasonable choice under the practical circumstance of the experiments.
However, E cannot be chosen without regard to the sampling interval At. Fig. 3 (a) reveals that E = 0.1 s" is insufficiently large to cope with a sampling interval of 6 ms, as chattering becomes clearly unacceptable. With At = 6 ms, the situation can be somewhat improved by employing a larger boundary layer of E = 0.3 s", as shown in Fig. 3 @) . The errors are appreciably larger than that shown in Fig. 1 . In general the smaller the sampling interval, the easier it is to achieve a better compromise solution. There is, however, a practical lower limit in the choice of At for a given control computer employed.
Because of the amount of calculation involved in the variable structure control based on the full model including the actuator dynamics, the present implementation cannot achieve a sampling interval much smaller than 2 ms. Fig. 1 suggests that the stated combination of At and E is quite acceptable.
i
In Fig 1-3 , the actual model uncertainties are filly represented according to (8) and the values of b;' and b;' are allowed to be switched between 0.73 f 5% and 2 f 5% (VN" m-') respectively. Should there be negligible variation in the thermal or magnetic characteristic of the motor and b, , b, are reasonably constant, then it would be legitimate to set the two limits to be the same. The effect of this simplification is presented in Fig. 4 . Because of the similarity of the results shown in Fig. 1 and Fig. 4 , it appears worthwhile whenever feasible to find out the constants b, and b, before implementation and reduce the parametric tests embodied in (16) in the course of the adaptation. Refemng to (15) and (16), the total number of unknown parameters will then be halved and they will reassume more direct physical meanings.
CONCLUSION
The formulation of the variable structure control with the actuator dynamics taken into account has been presented. The basic attraction and advantages of the model-based control remain unchanged although the switching control law is governed no longer by S but by U'S instead.
Although many design choices can be made to optimise performance, the paper has pinpointed in particular the interacting effect of choosing the sampling interval and boundary layer in practice.
Where the motor torque constant and armature resistance are substantially unchanged over the complete range of actuator operation, it is possible to simplify implementation by removing them from the list of unknown parameters, without sacrifice of the convergence or accuracy properties. Other simplifications may be considered along the same line.
Much experience has been gained in the model-based control method developed through repeated experimentation with a commercial robot. There is increased confidence in its effective application to highperformance trajectory control designed to meet more stringent industrial and non-industrial conditions. Fig. 3 (a) At = 6 ms, E = 0.1 s-*
